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nvestigations of the dietary effects of marine oils that contain the long chain n-3 fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have provided evidence that plasma triglyceride (TG) levels can be decreased in animals and humans.
1 This effect is due mainly to decreased hepatic very low density lipoprotein (VLDL) production. 23 We have recently shown that the inhibitory effects of EPA and DHA on hepatic VLDL secretion, in comparison to oleate, could be demonstrated in short-term liver perfusion experiments, indicating a rapid regulatory process. 4 At the molecular level, the exact nature of the relationship of hepatic synthesis of apolipoprotein (apo) B to the synthesis and secretion of TG, the main lipid constituent of VLDL, is not presently understood. The effects of n-3 fatty acids suggest that they might be useful substrates in further studies of this relationship. It is also not clear whether EPA and DHA affect the secretory process rtserf or whether the effects are more specifically related to apo B. Therefore, we measured the cellular levels of TG and apo B messenger ribonucleic acid (mRNA) as well as the secretion of newly synthesized apo B, TG, and albumin in HepG2 cells under conditions of short-term exposure to EPA or DHA. The results reveal quantitative differences in the effects of the individual fatty acids and suggest a qualitative difference in the modes of action of EPA and DHA in inhibiting the secretion of VLDL apo B.
HepG2 Cell Culture
Cells were maintained in Eagles minimum essential medium (MEM) containing 10% fetal bovine serum (FBS) and were seeded into 60 mm culture dishes 4 days before each experiment as described previously. 5 Before each experiment, the cells were incubated for 16 hours in MEM containing 5% thrombin-treated, human lipoproteindeficient plasma. This was discarded, and the cells were rinsed with plasma-free medium that was also used in the experiments, except that it contained 1 mM of complexed fatty acids or BSA alone. The complex was prepared by adding the sodium salt of each fatty acid (12 mM or 5 mM) to a stirred solution of BSA (2.5 mM). This mixture was sterilized and diluted to 1 mM before incubations.
Assessment of Trlglycerlde and Very Low Density Upoproteln Apollpoproteln B Production
Production of TG was determined by using 2-3 H-glycerol as described previously 5 except that the incubation time was changed from 6 to 3 hours. Briefly, lipids in the medium were extracted by the method of Dole 6 ; in the presence of fatty acids, about 95% of the TG-associated radioactivity was recovered in VLDL (data not shown).
VLDL apo B was measured by using 2,3,4,5-3 Hleucine. After 3 hours, human VLDL (d< 1.006 g/ml) was added as a carrier to the harvested media (0.25 mg VLDL protein/ml medium). 8 Each sample was then centrifuged at a density of 1.006 g/ml at 100 000 g for 16 hours, and apo B was precipitated from VLDL by the use of isopropanol.
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Immunopreclpltatlon of Secreted Albumin
The goat anti-serum did not cross-react with BSA in the experimental media, as judged by immunodiffusion. The immunoprecipitation procedure was that described by Borchardt and Davis. 8 Briefly, antiserum (determined to yield the maximal recovery of albumin in the immunoprecipitate) was added to medium that had been diluted twofold with immunoprecipitation buffer to a total of 1.0 ml. After overnight incubation at room temperature, the immune complex was adsorbed to Protein A Sepharose CL4B (Sigma). The complex, which was thoroughly washed with immunoprecipitation buffer, was then dissociated in 2% sodium dodecyl sulfate (SDS)-8 M urea. After dialysis, an aliquot of each sample was taken for assessment of 3 H-radioactivity. An aliquot was also subjected to 3.5% SDS-polyacrylamide gel electrophoresis (PAGE) after human albumin was added as carrier. The proportion of radioactivity appearing in the albumin band was assessed after digesting in hydrogen peroxide. 4 
Rlbonuclelc Acid Determinations
At the end of each experiment, the medium was removed, and the cells were rinsed and scraped by using 0.15 M NaCI. Relative measurements of mRNA abundance were made by the cytoplasmic dot hybridization assay essentially as described. 9 Before lysis of the cells, aliquots of suspended cells were taken for protein determinations, 5 and lysates representing equal cell mass were applied to a Nytran membrane (Schleicher and Schuell, Keene, NH) by following the manufacturer's protocol.
A cDNA probe for apo B mRNA (kindly provided by Lynn Powell and James Scott) was labeled to high specific activity with ^P-deoxycytidine triphosphate (dCTP) (New England Nuclear, Boston, MA) by the random priming technique. 10 The membrane was hybridized, washed, and exposed. 11 To assess the mRNA abundance At the end of each experiment, the cells were rinsed with 0.15 M NaCI, and the lipids were extracted with isopropanol. An aliquot of the isopropanol extract was then taken for the triglyceride assay by use of a kit, GPO #701882 (Boehringer Mannheim, Indianapolis, IN for actin, the membranes were stripped by following the manufacturer's protocol, were re-exposed to ensure that the apo B signal had been removed, and were rehybridized to a labeled actin cDNA probe (kindly provided by Laurence Kedes). Quantitation of autoradiographic signals was performed by densitometry. In some cases, the transcriptional activities of the genes for apo B, actin, and apo A-1 in cells treated with DHA and OA were measured as previously described. Isolated nuclei were incubated with ^P-uridine triphosphate (UTP) (New England Nuclear, Boston, MA), and the labeled RNA was purified and hybridized to fitters containing single-stranded complementary DNA sequences for apo B.actjn, and apo A-1 (kindly provided by Jan Breslow). After washing off unbound counts, the filters were counted in ScintJVerse BD (Fisher Scientific, Fair Lawn, NJ).
Statistical Analysis
The data were analyzed with one-way analysis of variance and paired Student's f test. The results are expressed relative to the BSA controls except for Tables 1  to 4 , where individual values are given.
Results
All three fatty acids present in the medium at an initial concentration of 1 mM stimulated the synthesis of TG from labeled glycerol in HepG2 cells after 3 hours (Figure 1A) . Similar results were obtained after 6 hours (data not shown). However, compared to OA, EPA was significantly less effective, while DHA was as stimulatory as OA. In previous studies with HepG2 cells 5 and in the isolated perfused rat liver, 4 no differences in the rate of cellular uptake of fatty acids were observed, indicating that the results of the present experiments cannot be ascribed to differences in the uptake of fatty acids. In contrast to the effects on TG synthesis, cells incubated with DHA secreted significantly less labeled TG than did those incubated with EPA which, in turn, secreted less than cells treated with OA ( Figure 1B) . Identical results were obtained by measuring the triglyceride mass (Table  1) . When the molar ratio of fatty acid to BSA was 2-1 but the final concentration was still 1 mM, the incorporation of 2-3 H-glycerol into cellular and medium TG was similar to cells incubated with complexes of ratio 5M (Figure 2) . However, the increases relative to BSA controls were less at the lower ratio since the uptake of fatty acids is proportional to the fatty acid/albumin ratio. 12 Although we have no direct evidence for the mechanisms mediating the different effects of DHA and EPA on TG synthesis, it has been shown that the long chain n-3 fatty acids are more readily oxidized than OA in liver cells, particularly by the peroxisomes. 13 This could account for a H-leucine into medium very low density lipoprotein (VLDL), apolipoprotein (apo) B in HepG2 cells incubated as described in Figure 1. (The fatty add bovine serum albumin ratio is 5 : 1.) Medium VLDL was isolated by ultracentrifugation after the addition of human VLDL as carrier (0.25 mg protein/ml medium), and apo B was isolated by isopropanol precipitation. The results were expressed as cpmJug apo B of carrier VLDL and in relation to albumin controls as In Figure 1 . The values represent the means±SEM of three experiments carried out in triplicate. a=signlficantly different from OA, p<0.01; b=significantly different from DHA, p<0.02. OA=olelc acid, EPA=eicosapentaenoic acid, DHA=docosahexaenoic add. lesser degree of esterification as TG. We have also found 4 that EPA or DHA can inhibit hepatic phosphatidate phosphohydrolase activity, thereby limiting the availability of diacylglycerol for direct esterification. 14 Table 2 shows that OA and DHA accounted for 61 % and 19%, respectively, of cellular TG-fatty acids. EPA accounted for 9% of these fatty acids but was also elongated to DHA (3%).
From Tables 1 and 2 Each autoradiograph containing samples from the four experimental groups was scanned, and the signals were measured by quantitative densitometry.
The values represent the means±SD of five separate wells. The results from the statistical analysis of the means of analysis of variance did not indicate significant overall differences among the groups (p>0.4). However, if eicosapentaenoic acid and docosahexaenoic acid data were pooled and compared to the bovine serum albumin control, the combined mean (0.84±0.19) was less than the control (p<0.05).
incorporated (after subtracting control albumin values) was calculated. The amounts of OA and DHA incorporated did not differ significantly and were 0.08±0.001 (mean±SD) and 0.05±0.02 /imol/mg cell protein, respectively. In cells incubated with EPA, significantly less n-3 fatty acids were incorporated: 0.018±0.003 /omol/mg cell protein (p<0.001 vs. OA, and p<0.05 vs. DHA). These results are in accord with our recent observation in rat liver* that more DHA than EPA is incorporated into liver triglycerides after 2 hours of perfusion. The present findings also resemble our previous observation 4 and that of Hagve and Christopherson 15 in that relatively more EPA than DHA was incorporated into phospholipids ( Table 3) .
The quantitative differences in TG synthesis and secretion in medium VLDL do not account for the effects of these fatty acids on apo B secretion. As shown in Figure  3 , a 3-hour incubation with OA did not significantly increase the release of newly synthesized apo B despite an increase in TG production. This is in accord with the results of Davis and Boogaerts 18 in cultured rat hepatocytes. In contrast to OA, EPA and DHA inhibited VLDL apo B secretion by 3 1 % and 54%, respectively. We have previously reported the effects of EPA but not of DHA, in HepG2 cells, 5 and the present study confirms the earlier observations. The greater effectiveness of DHA in inhibiting VLDL apo B secretion was not apparent in our liver perfusion studies 4 but the variability in such preparations in comparison with the greater reproducibility of cell culture systems may have obscured the quantitative differences. Nevertheless, it is quite clear from the data shown here that DHA is a more potent inhibitor of the secretion of newly synthesized VLDL apo B than is EPA in HepG2 cells.
The mechanism by which DHA exerted its inhibitory effect on VLDL-apo B secretion has been addressed in the present work in two ways. Since n-3 fatty acids are readily incorporated into cellular phospholipids, 415 it is plausible that they might have a general effect on the hepatic secretory pathway for plasma proteins. This did not appear to be the case since albumin synthesis and secretion, which also involve participation of the Golgi membranes, 17 were not affected by the addition of any of the fatty acids to the medium (Figure 4 ). This observation agrees with that of Nossen et al. 18 who found that EPA did not affect the secretion of pre-labeled TG in cultured rat hepatocytes. As the effect appeared to be specific to apo B, we sought to determine whether DHA might affect apo B mRNA levels. The addition of fatty acids to the medium did not significantly affect the amount of cellular apo B mRNA present, relative to actin (Table 4) . Also, a nuclear run-on assay carried out on cells incubated with OA and DHA did not show any differences in apo B transcriptional activity (data not shown). Specifically, EPA or DHA were not associated with statistically significant decreases in apo B mRNA abundance when compared to the other treatments. However, when the data for EPA and DHA are combined, there was a slight, but significant, decrease in apo B mRNA abundance as compared to OA. If this decrease were maintained over a long time period, for example with chronic feeding, the effects of DHA and EPA on apo B gene expression could become more important.
The present experiments are relevant to studies of the dietary effects of marine oils on the plasma levels of apo B. Recently, Childs et al. 19 reported that when subjects consumed fish oils that contained high amounts of DHA relative to EPA, their plasma apo B levels were lower than when oils with a higher EPA content were administered. Dietary fish oil has been shown to down-regulate LDL receptor activity while stimulating high density lipoprotein (HDL) binding. 20 We have shown 5 that EPA inhibits the binding of LDL to HepG2 cells, but the effects of DHA are not known in this respect.
It has generally been assumed that EPA and DHA have similar effects on lipid metabolism, although they have differing eicosanoid metabolic pathways. 21 EPA competes with arachidonic acid for cyclooxygenation and thus inhibits the production of protaglandins of the 2-series. 22 It also inhibits the synthesis of leukotrienes and lipooxygenase products in monocytes and neutrophils. 23 By contrast, DHA is incorporated and conserved in phospholipids of tissues like the brain and retina. It is also found in platelets, inhibits aggregation, and may be retroconverted to EPA for prostacyclin synthesis. 21 The present data suggest that the effects of each of the n-3 fatty acids on lipid and lipoprotein metabolism should be taken into consideration when interpreting the responses to fish-oil consumption.
